Abstract: Dynamic source parameters are estimated from P-wave displacement spectra for 18 local earthquakes (1.2 < M L < 3.7) that occurred in two seismically active regions of Hungary between 1995 and 2004. Although the geological setting of the two areas is quite different, their source parameters cannot be distinguished. The source dimensions range from 200 to 900 m, the seismic moment from 6.3×10 11 to 3.48×10 14 Nm, the stress drop from 0.13 to 6.86 bar, and the average displacement is less than 1 cm for all events. The scaling relationship between seismic moment and stress drop indicates a decrease in stress drop with decreasing seismic moment. A linear relationship of M w = 0.71 M L + 0.92 is obtained between local magnitude and moment magnitude.
Introduction
The seismicity in the interior of the Pannonian basin is relatively low compared to near its edges. Seismic activity in Hungary is generally moderate. The spatial distribution of epicentres is rarely localized to one area and it is quite difficult to find reasonable relationships between known tectonic features and the earthquake foci. Knowledge of source mechanisms and source parameters of local earthquakes helps us to better understand recent tectonic processes in the Pannonian basin. One possible method for estimating earthquake source parameters is the spectral analysis of observed waveforms. * E-mail: suba@seismology.hu Following the model and method of Brune [1] , spectral analysis for the estimation of source parameters has been widely used by many authors (for example Chouet et al. [2] , Fletcher [3] , Zobin & Havskov [4] , Allen et al. [5] , Oye et al. [6] ). The idealized displacement body wave spectra can be characterized by a flat part at lower frequencies and a fall-off above a corner frequency. The dynamic source parameters such as seismic moment, source radius, stress drop and relative displacement can be estimated from the amplitude of the flat part and from the corner frequency in the case of both S-and P-wave spectrum [1, 7] .
Only a few studies have calculated spectral source parameters for Hungarian earthquakes. Badawy [8] analysed the earthquake sequence that occurred in 1996 in the Füzes-gyarmat, Hungary, region. The local magnitude of these 7 events was between 2.1 and 3.2. Another study of Badawy et al. [9] presents the source parameters of 12 felt earth-quakes in the period between 1995 and 1997. Nine of these events had an epicentre within Hungary, with local magnitudes ranging from 2.4 to 3.7.
In this paper we analyse the P-wave displacement spectra of 18 earthquakes that occurred in two seismically active regions in Hungary. The local magnitude of the selected events varies between 1.2 and 3.7. This magnitude range is notably wider than those studied by Badawy [8] and Badawy et al. [9] . We also establish a linear relationship between local magnitudes published in the Hungarian Earthquake Bulletin [10] [11] [12] [13] [14] [15] [16] [17] and moment magnitudes estimated in this study.
Data and method
The waveform data used in this study were recorded by the seismic stations of the Seismological Observatory of the Geodetic and Geophysical Institute of the Hungarian Academy of Sciences, and by the Paks Microseismic Monitoring Network operated by GeoRisk Ltd. (Figure 1 ). We analysed P-wave displacement spectra of 18 earthquakes occurred in two seismically active regions of Hungary be- (Figure 1 ). Their local magnitudes ranged between 1.2 and 3.7. Nine of them had a good enough signal-to-noise ratio to do reliable spectral analysis. The other selected area was the 20 km surrounding Berhida (Figure 1 ). This region is known for the earthquake that occurred there in 1985, the most recent seismic event to cause significant damage in Hungary. Again we analysed nine events from this region, with local magnitudes from 1.4 to 3.7. The hypocentre parameters of the studied earthquakes can be found in Table 1 .
To begin estimating the spectral parameters of these earthquakes, we applied a base-line correction and a Hanning taper to the vertical component of the P-wave seismogram. We then performed an instrument correction and transformed the seismogram from velocity to displacement. We selected a time window of several seconds beginning shortly before the first arrival and calculated the amplitude spectrum using a Fast Fourier Transformation (FFT). We characterised the spectra at a constant level A 0 for the lower frequencies, and with a fall-off above a corner frequency f c .
Earthquake source parameters were estimated according to the model of Brune [1] as modified by Hanks & Wyss [7] . We calculate source dimension (radius of circular source area) r, seismic moment M 0 , stress drop Δσ and average displacement u according to the equations: 
where v p is the P-wave velocity in the focus depth, ρ is density, H is hypocentral distance, R(Θ,Φ) is the radiation pattern coefficient and μ is the shear modules. We applied the velocity model that is used for routine hypocentre locations [18] . We used the RMS average value for R(Θ,Φ), over the focal sphere of 0.51 [3, 19] . We calculated moment magnitude from seismic moment according to the definition of Hanks & Kanamori [20] :
where M 0 is measured in Nm. For estimating the spectral source parameters, we first chose a suitable time window around the first P-wave arrival on the vertical displacement seismogram. We then fitted two lines to the spectral plot; one horizontal to define the constant level A 0 at lower frequencies, and one at a gradient corresponding to the fall-off at higher frequencies. The intersection of the two lines determines the corner frequency f c . Two examples of this procedure can be seen in Figures 2 and 3 . For each seismic event, we determined A 0 and f c and the corresponding source radius r and seismic moment M 0 for each seismic station with good signal-to-noise ratio. The final M 0 and r are the average of these values. Stress drop, average displacement and moment magnitude are then calculated from these averaged M 0 and r. The resulting source parameters for the investigated earthquakes are summarized in Table 2 .
Results
Our data show that the corner frequency generally decreases with increasing moment magnitude, and ranges from 2.6 to 10.4 Hz. The source dimensions vary between 200 and 900 m. The seismic moment ranges between 6.3×10 11 and 3.48×10 14 Nm. The average displacement is less than 1 cm for all the events. In Figure 4 seismic moment is plotted versus source radius and Figure 5 shows the relationship between seismic moment and stress drop. Although the geological settings of the two investigated areas are quite different, their source parameters cannot be distinguished (Figure 4 and 5) . We therefore combined the two sets of events to look at scaling relationships. For large and moderate earthquakes, a constant stress drop is commonly assumed [21, 23] . For weak events with seismic moments smaller than about 10 13 Nm, a decrease of stress drop with decreasing moment can be noticed [21] [22] [23] . Our results follow a similar trend ( Figure 5 ). The scaling relationship can be approximated by the regression line:
log M 0 = (1.44 ± 0.24) log Δσ + (13.06 ± 0.12) (6) where M 0 is measured in Nm and Δσ in bar. According to the definition of Hanks & Kanamori [20] , moment magnitude can be derived from seismic moment. Moment magnitude has become increasingly important as seismic hazard calculations are heavily based on it. From the results summarized in Table 2 a linear relation between local magnitude and moment magnitude can be obtained: Although the local magnitude of the investigated events varies between 1.4 and 3.7, the majority fall in a narrower interval between 1.4 and 2.7. Badawy [9] calculated the spectral source parameters of 9 felt earthquakes between 1995 and 1997. The local magnitude of these events ranged from 2.4 to 3.7, where our data are more sparse. Integrating our results with those published by Badawy [9] , we have 26 earthquakes, representing a more complete dataset for the territory of Hungary ( Figure 6 ). If we take into account all these events, the linear relationship between local magnitude and moment magnitude changes to:
This relationship is similar to those obtained in other studies with a similar range of local magnitudes (for example: Havskov et al. [24] , Allen et al. [5] , Tusa & Gresta [23] ). For larger earthquakes with local magnitude up to 5 or 6, the line is steeper, closer to 1 (for example: Braunmiller et al. [25] , Ristau [26] ). An effective quadratic relationship for wide magnitude range is given by Grünthal & Wahlsröm [27] . In Hungary, however, local magnitudes seldom exceed M L =4, so fitting a higher order polynomial to our data is not justified. 
Conclusion
The dynamic source parameters of 18 earthquakes have been estimated by analysing P-wave amplitude spectra. The investigated events occurred in two seismically active regions of Hungary between 1995 and 2004. The source parameters from the two regions cannot be distinguished, allowing us to combine the results when looking at scaling relationships. The source dimensions range from 200 to 900 m, the seismic moment from 6.3×10 11 to 3.48×10 14 Nm, the stress drop from 0.13 to 6.86 bar, and the average displacement is less than 1 cm for all the events. A trend of increasing stress drop with increasing seismic moment can be observed, similar to the results of other weak earthquake studies [21] [22] [23] .
Here we publish the first scaling relationships between local magnitude M L and moment magnitude M w for earthquakes occurring in the Hungarian part of the Pannonian basin. When combined with the results of Badawy et al. [9] , the magnitude values of 26 events are available. 
Analysis of more events is required to determine a more accurate relationship, which will aim to do in future studies.
